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5ABSTRACT
A large 8 2 0.2 ) single crystal of uranium penta-
chloride was grown using the liquid phase chlorination of uranium oxides
with excess carbon tetrachloride.
The absorption spectra were observed in the region 0.6p to 2.4µ,
at various temperatures, ranging from room temperature to liquid air
temperature. Five pure electronic transition bands were assigned in this
region, at 1179 cm-1 9682 cm-1 8932 cm-1 6654 cm-1 and 4306 cm-1
These lines were identified as arising from the 5fI ground state confi-
guration, under the perturbation of both the spin-orbit interaction and
the influence of a distorted octahedral (C2v) crystal electric field.




However, vibronic analyses of the spectrum was based. on the
octahedral field, as the splittings of the vibrational modes under nuclear
configuration distortion were so small that exact assignments were beyond
our experimental limitation. The analyses yielded:
3400 200
93
The agreement between calculated levels and assigned levels is
considered to be fairly good in such a rough approximation, since the
covalent nature of the molecule and the mixing of 6d and 5f configuration
under crystal field had been neglected.
CHAPTER 1
INTRODUCTION
Uranium pentachloride was discovered a century ago,[1] but a
thorough understanding of this compound was hindered by its great
instability. It is thermally instable, [2]t
and is sensitive to even trace amounts of water vapor,JJ
In this work, we have clarified some pro olems
l5(1) The complexes of UC are more stable than UC1 5 itself.
All available absorption spectra of it are actually spectra of its
complexes in suitable solutioJ 4] Due to the broadening of absorption
bands'in solution,. the fine structures of the spectra are not clear.
The method to obtain sharper bands by lowering the temperature is limited
by the freezing points of the solvents. In this work, liquid air temper-
ature spectrum of UC15 crystal was obtained. In this spectrum, the
fine structures of the bands are resolved.
(2) All interpretation of the solution spectra of UC1
5
complexes were based on the assumption that the U(V) ion was in an'
octahedral field due to the surrounding liga.nd ions. [4,5,6] However,
there are electronic absorption bands in the spectra that cannot be
explained by this assumption. Usually these additional bands are
explained by the Jahn-Teller theorem, 7'1 which states that a molecule
possessing a degenerate state in either orbit or spin must distort in
[8]In 1969, it was reported that UCl5 vapor up to 350C was observed.
2UCI5 250C UCI4+CL2
2UCL5 170C UCL4 +UCL6
2UCL5+2H2O UCI4+UO2CL2 +4HCI
2order to remove as much degeneracy as possible. This effect is estimated
by Eisenstein and Pryce[ to be of considerable magnitude, but neither
value nor method of calculation is given. It is the main purpose of
this work to explain the additional electronic bands using a distorted
octahedral field model.
(3) Molecular weight determination have shown that UC15 is
dimeric in CCl 4 POJ As the dimeric structure of UC1 5 in crystal is
confirmed by X-ray measurement Lill so simply a comparison of the
absorption spectrum of UC15 crystal and that of UC15 in CCl can
confirm the dimeric structure of UC15 UCL5 in ccl4.
In this work, much attention is paid to the second problem.
UC15 single crystal large enough for optical absorption measurement
was grown, using the liquid phase chlorination of uranium oxides by
carbon tetrachloride. Absorption spectra at various temperatures were
taken in the region 0.8 4 to 2.4 4.
A C2v model suggested by the X-ray measurement was used in
the explanation of the observed additional electronic bands. Due to
the inadequate data on U(V) ion radial wavefunction and group overlap
integrals, crystal field theory was used instead of ligand field theory.
The limitation of this theory is obvious: the 5f electrons, unlike the
L+f electrons, are not shielded by complete subshells and overlapping of
wavefunctions between the central U(V) ion and the chlorine ions are
expected. However, if the overlapping of wavefunctions is small, crystal




Uranium pentachloride can be obtained by several methods L4]
1. Reaction of uranium metal with chlorine at high temperature.
2. Reaction of uranium oxides with chlorine at high temperature.
3. Reaction of. U 308 with a mixture of chlorine and sulphur
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monochloride, also at high temperature.
4. Heating uranium tetrachloride at 550°C in a steam of chlorine
and quench the uranium pentachloride vapour.
5. Liquid phase chlorination of uranium oxides with carbon
tetrachloride.
The first three methods' produce uranium tetrachloride as well as
uranium pentachloride, and penrachloride is not obtained in a good yield
The fourth. method is not suitable for preparation of large crystals.
In 1967 G. S .Smith and co-w crkers Li l used the liquid phase
chlorination of U308 with carbon tetrachloride and yielded single
crystal of UC1 5 large enough for X-ray measurement.
Their method was simplified and was used in our experiment:
About 2 grams of uranium oxide, U308 (ICN. K :K Lab., Inc.,
Plainview, N.Y.), and about 35 C.C. of carbon tetrachloride (Analytical
Grade, maximum 0.02% of water, The British Drug Houses Ltd.) were
placid into part A of a cross-shaped, pyrex glass tube as shown in
Fig. 2.1.
The tube was sealed-off and was put into the furnace (W.C.
4Heraeus Hanau, Type FVT 420 Kb). The temperature was kept at 220°C
for 24 hours. Then it was cooled at a rate of 10°C per hour. After
cooling to room temperature, several large (N 8 mm x 2 mm x 0.2 mm) dark
brown crystals and a dark brown solution were obtained. These crystals
were identified as UC15, by spectral measurements and visual appearance
(see Result-section). The largest crystal was moved to part B by
shaking the tube, with all the remainder still at part A. Part A
was dipped slowly into liquid air to solidify the solution and to lower
the internal pressure. Part B and part C were sealed off from A





The pyrex glass tube for preparation
.of UC15 single crystal.
2.2 Spectral Measurements
Absorption spectra were obtained from O.74 to 2.44 at various
temperatures, from room temperature to Liquid nitrogen temperature.










Schematic diagram of the system used for
spectral measurementS
6The light source- was a 500 watt tungsten-halogen lamp. It was
filtered by a red long-wave-pass filter and was chopped before impringed
into the 3/4 meter monochromator. The monochromator was a Spex 1702
spectrometer (Spex Industries, Inc., Metuchen, N.J., U.S.A.), with











C: chopper, D: detector.
F: filter. G: grating,




7The4"*4" grating was a Bausch & Lamb product. It had 600
grooves per millimeter and was blazed at 1.6µ.
The detector for the region 0.7 to 1 .1µ was a RCA 7102
photomultiplier. For the region 1.14 to 2.44, PAS detector was
used. The detector circuit is shown in Fig. 2.4.
The lock-in amplifier was a PAR Model 126 amplifier (Princeton
Applied Research, Princeton, N.J.) and the recorder was a Yokokawa








The sample holder is shown in Fig. 2.5. It was a hollow cylinder
made Mith copper. Two holes were drilled on opposite sides of the
surface to-allow light beam to go through. Constantan wire was wound
on the surface as heater, and a copper-constantan thermocouple was
soldered at that part of the holder near the sample. The sample was
covered with alumium foil and two slits were opened on opposite sides.
The size of the slits were just smaller than that of the crystal.
After the sample was put into the sample holder, it was joined to the
copper “heat conductor”. Then the heat conductor was inserted into
a plastic bottle, and the whole set-up was put into a dewar. The
spacing between the bottle and the dewar was filled by “foam rubber”
as heat insulator. The completed system is shown in Fig. 2.6.
9[1] copper tubing




























3.1 X-ray structural analysis of UCl5 crystal
The theoretical analyses of the solution absorption spectra of
complexes of UC15 have been based on the assumption that the uranium
ion is in an octahedral field due to the surrounding ligands.[5,6]x-ray
measurements on the structure of UC15 have been reported by Smith
and co-workers.L11I The results show that the UCH forms a monoC clinic
crystal with lattice constants: a =7.99 b 10.69 C 8.48
a =91.5 With space group p21/n The unit cell contains four UC15,
units. The structure is based on a cubic closest packing of chlorine
atoms, where uranium atoms occupy one-fifth of the octahedral holes.
Two such octahedra share an edge to form a dimeric U2Cl1 unit.
Uranium atoms in the U.C1. units are each shifted -by about 0.20
from the centers of the octahedra in directions away from one another. Thus
the uranium ion experiences a slightly distorted octahedral crystal
field formed by the chlorine ions.
The configuration of the U2C110 dimer and the table of
distances and angles are illustrated in Fig. 3.1 and Table 3.1
respectively.
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CI ( 4 ) CI( 3 )
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9 2 8 8 7 4CI ( 5 ) CI( 1 ) 2 6 7 2 4 CI( 2 )
9 6 . 5 8U U
2 4 42 7 0CI( 1CI ( 2 CI( 5 )9 2 6 8 6 2
2
C1 ( 4 )CI ( 3 )
F ig . 3 . 1
C onfigurationof U 2 C 1 1 0 dimer. D istances
in A . A primedatom is relatedto its




Distances and angles in UC15
U cl(1) .U2.700+0.0101 CI(1)
-c1(5) 92.2 0.4
-cl(lU -CL(1'2.674 0.010 CI(2)-U 93.0 +0
U C1(2) -U2.434 0.011 cl(2 C1(3. 92.6+ 0.4
U 2.443 0.012CI(3) CL(2)-U-CI(4 91.5+ 0.4
cl(4)U -U-CI(5)2.432+ 0.011 C1(2 96.5 +0.4





-U-CL (1')c1(1) 0.3 C1(4)-U-CL(1')78. 87.8 0.4
-U -cl(3) 87-8 0.4Cl(1) cl(4)-U -C1(5) 92.8 0.4
-U- -cl(4)C1(1) •C187.4+0.3 U• U' 101 .6+ 0.3
Numbering of atoms follows that of Fig. 3.1.
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3.2 Crystal Field Theory
The free-ion electronic wavefunctions of the uranium ion are
mixed by the electric field of the surrounding chlorine ions, resulting
in the reduction from spherical symmetry to that of the point group
formed by the surrounding ions. Due to the perturbation of the ligand
electric field, the fourteen-fold degenerate 5f1 ground electric
configuration of the uranium ion is split into several energy levels.
For actinide ions, the spin-orbit interaction and the crystal field
interaction can give rise to splittings of the order of several thousand
wnereas the analogous splittings in lanthanide complexes, the 4f
series. are a factor of ten smaller.
In the crystal field theory, the effect of the surrounding ions
on the central ion is considered only to be pure electrostatic interaction.
The overlapping of their wavefunctions is assumed to be zero. The
electrostatic potential, therefore, is supposed to obey Laplacian
equation
The electric potential at (r,) produced by a charge q at
(R,a,b) is:
(3.1)
where y is the angle between the.vectors and and is the
Legendre polynomial. The expansion is valid in the regionf<R








Once the charge q and the locations of the ligands are known, Bme can
be calculatad..
The electric-potential energy,- eV, in its operator form, is




The electronic confizuration is split into two 1evPls,
and by the spin-orbit interaction. Each J level contains
2J+ 1 degeneracies, forming a (2J+ 1)- dimensional representation of
the spherical group. However, under the influence of the crystal
field, the (2J+ 1)- dimensional representation becomes a reducible
representation with respect to the symmetry operators of the crystal
the doublepoint group. Since J•is half-intel
group representation
must be employed for the decomrosi Lion of
the representation of the J manifolds. The results, using the character
tables for Appendix 1) are:
where 6 L7 and are two-fold degenerate while and are7 8 8
four-fold degenerate.
An energy level diagram is drawn (Fig. 3.2) to illustrate
these levels, but the 'actual ordering of the levels asst be determined
by means of crystal field theory.
The actual calculations of the splittings are based on crystal
field theory. For an octahedral field with six-fold coordination, as
shown in Fig. 3.3, the electric potential experienced by the jf electron




























where q is the charge of each liand.
a is the distance between the uranium ion and the chlorine ion..
All potentials after the sixth order terms exert no influence, because
- e V, the potential ener ,y, will be used as perturbation in the
Hamiltonian. using basic wavefunctions, and
unless (3.7)
For 5f system .I is equal to 3. If only first order perturbation is
considered, =. With these conditions, n c 6. The constant tern,
6q/a, can be neglected, since we are considering the intra-co nf iguiration
transitions and dealing with energy differences only.
The potential energy in terms of Cartesian coordinates can be
obtained if all the. are expressed in terms of x, y and z.
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Wisner-Eckart theorei I implies that Xi thin a constant angular
momentum manifold, tensor operators of functions of x, y and z can
be replaced by functions of the angular momentum,bDerators and
[15]Using the method -fully described by Stevens and Eleanev and
F161Stevens
eV can be replaced by the operator equivalence:
(3.8)
where
are operators, their explicit forms in terms
of are listed in Appendix 2. are constant
17Lfactors, the so-called operator equivalent constants. For f electron:[17]
(3.9)
19
are definedThe crystal field parameters
C13by:
(3.10)
Their values are usually determined emDirically
L5It is found that in the case of actinide ions, the spin
orbit interaction has comparable strength as the crystal field. We
must then consider the simultaneous interaction of both on the unperturbed
wavefunctions. Using the representation, the
perturbation matrix of both the spin orbit interaction and the crystal
field interaction is given below: in(3.11)
_1 0 _23 -1 23
3A+ B /15A
0 03 0 0 0
15 B
1 A A 15B
1 3 0 0 0 0
15B
o 0 6A-20B 03 0 0 0
3A+ B (15A
0 0 03 016K
-7, 1151
A A 1,5B1-1-5
-1 0 0 0 0 flog
-7 15 B
-7A-6B
-2 0 0 0 6 0 5A+42B
+





where A «60 A^3j < r 4> ,
B ■ 180 Yj < r^ > are parameters used in calculation, '
< .^f I ^(r) l ^ ^ > is the spin-orbit coupling constant.
An identical matrix is obtained using | -3~> , | l"*> , | 0+ > , | -3+ > ,
I 1+> » I “2 > and |2 > as bases (i.e. | me ms> is changed to |-mTins>).
Therefore the eigenvalues are at least two-fold degenerate. This is due
to the famous Kramer's ‘theorem: the energy levels of an odd-electron
ion under electrostatic interaction of any nature are at least two-fold
and evenly degenerate, due to the time-reversal invariance of the
Hamiltonian. The splittings of the 5 ^  fourteen-fold degenerate energy
level and the corresponding eigenfunctions are obtained by diagonalization 
- •
of these two matrices. The results are that the ^f1 energy level is 
split into two 4 - fold degenerate energy levels and three 2 - fold 
degenerate energy levels. The explicit formula of these energy levels
are (setting E( = 0): ^  ^
E( T 6) = J ( R + 2 Q + | + X )  ,
E ( r * ) = | ( R + Q + X + Y )  ,
e (T*) = 7X , . (3,12)
E( r8)=|(R + Q + X - Y )  , ■
where Q, R satisfy :* >
A2 < r 4 > = l T 3 Q + 2 R )  , A ° < r 6 >=-||-(5Q-4R) ,
+ The formula relating A^< r 4 > , A ^ < r 6> to Q, R in Karaker's paper[ 5 ] 
are wrong.
-  20 -
21
The spectroscopic splitting factor, g, of the ground doublet is:
3.13)
where
A schematic diagram illustrating the shifts in energy levels of
the 5f system going from the free ion in space (j-j coupling) to the




J - J COUPLING DoubletT 6
ti U
Quartetf 7/2 T6
L - S COUPLING
DoubletT 7 *E
t 2 uQuartet 18f55/12
02UDoubletT 7
Free Ion Strong- Fiek
Field Strength
Fig. 3 . 4
Field effects on energy levels of a 5 f electron.
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3.4 Vibronic Interaction
In a perfect octahedral field, the electric dipole transitions
among various f1 levels are forbidden by the Laporte's rule.[ 7 ]
However, magnetic dipole or electric quadruple transitions are allowed.
Also, the odd vibrations of the ligands can destroy the inversion symmetry,
thereby violating Laporte's rule. That is, transitions involving the
odd modes of the lattice vibrations are allowed.
-Magnetic dipole or electric quadruple radiation is of very low
intensity. From the observed spectra (see Chapter 4), some peaks have
strong intensities and furthermore, each group of absorption bands
consists of peaks of very close spacing (~ 150 cm-1), so it is tempting
to believe [4 6 that these additional bands are due to different
vibronic transitions.
Taking nuclear configuration into account, the Schrodinger
equation is
(3.14
where ri, sa designate the electronic and nuclear coordinates respectively,
is an electronic eigenfunction for the state k of the molecule
possessing a nuclear configuration specified 'by
From Born-
7Oppenheimer approximation, the complete wavefunction is
(3.15
Usually, the electronic energy is calculated at equilibrium configuration
and the change of nuclear configuration is included using
perturbation technique.
Let Q represents an odd vibrational noma1 coordinate, then
expand the crystalline field potential in this coordinates:
- e V =  - e  [ V o +  Q ( | ^ - ) o + . . . ]  • ( 3 . 16)
Since the potential must transform like the totally symmetric representation 
and Q transforms like an odd representation, (dV/dQ)Q must transform like 
an odd representation. It then mixes some even functions (5f°6d* con­
figuration) into the odd functions (jjf1 configuration) by means of first 
order perturbation:
( - e Q W )  dv
■ <3 .17)
The possible normal vibrations of an octahedral molecule are 
shown in Fig. 3.5. The direct sum for vibrational degrees of freedom 
for 0^ symmetry molecule is:
Aib(0h) “ A g  + ^3g + •^ 5g+ ^5u +2 4^-u
Only the odd vibrations v^, and V6 are able to couple with 
the electronic transitions. From Fig. 3.3, has the smallest frequency, 
as it involves only angle deformation. Furthermore, v3 >v4 in frequency, 
because mode involves more bond stretching motion than . The 
ordering of frequencies is thus
W v6 . (3-18)
For an electronic transition of frequency v and vibrational
o •
frequency v , bands of frequency (v q + v ) and (vq - v ) should be obtained, 
intensities of which are approximately in the ratio of exp(hv/kT):1 .L ? -J 
That is, the lower frequency vibronic band decreases in intensity when 
the temperature is lowered.







Normal vibrations of an octahedral XY6 molecule (point group 0 h).
Only one component of each degenerate vibration is shown.[20]
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3.5 Distorted Octahedral Field
As will be shown in next chapter, the perfect octahedral field
interaction is not sufficient to explain the observed absorption
spectrum of UC15 single crystal, especially the splittings of 8
levels. It is suspected that the static distortion of the octahedral
field, as shown by X-ray measurements, is responsible for the observed
splittings.
. For the calculation of the splittings, we used the following
model, in which the uranium ion is in a C2v crystal field instead of
an field. As shown in Fig. 3.6, four chlorine ions, labelled from










The distorted (C2vr) octahedral model.
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Using this model, we can calculate the potential energy of the
system in terms of the position of the 5f electron. For example, the












The distorted octahedral model: definition of
(3.19)
where a is the charge of an electron,
-q is the charge of the chlorine io , q
and are the position vectors
of the two chlorine ions if there is no distortion.
and are the distortion
displacements for the two chlorine ions.
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Expanding terms of x , y and z up to sixth order and dropping
out all odd terms for the reasons mentionedbefore , can be
writtenas :
( 3 . 20)
where
Similar procedures are carried out for the remaining chlorine
ions . For the third and the fourth chlorineions , p and q are
definedusingFig . 3 . 8 .
- eV12( x , y , z )
B = 1 + B 2
F ( 2 ) = ( 1 + B ) 2 x 2 + ( 1 - B ) 2 y 2 ,
F ( 4 ) = ( 1 + B ) 4 x 4 + 6 ( 1 + B ) 2 ( 1 - B ) 2 x 2 y 2 + ( 1 - B ) 4 y 4 ,
F ( 6 ) = ( 1 + B ) 6 x 6 + 15( 1 + B ) 4 ( 1 - B ) 2 x 4 y 2




Distorted octahedral model: definitions of p and a.
are the position vectors of the third and
the fourth chlorine ions respectively, if there is no
distortion,
are the distortion displacements,
30
For the fifth and sixth ions. Y is defined in Fig. 3.9.
Fig. 3.9
Distorted octahedral model: definition of Y.
are the position vectors of the fifth and the sixth
chlorine ions respectively, if there is no distortion,
are distortion displacements,
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Using these distortion parameters, the potential energy of the
electron in the crystal field can be obtained, though the calculation
is complicated and tedious. The potential energy- eV(x,y,z), which is
equal to can be expressed by
(3.210
where the coefficients A20 etc. are defined in Appendix 3,
Within the constant angular momentum rranifold, this term can be
changed to its "overator eauivalence":
(3.22)
The coefficients E^, R^, E^. R^, R^, E^, R^, R ^  and R ^  
are defined in Appendix 4. The operators 0°, o \ , ojj, 0^ , ojj, o£, 0^ , o£, 
°6 expressed in terms of J+f J_, Jz and /' are listed in Appendix 2.
Their matirx elements in | Z s m^  ms> . representation are given in 
Appendix 5* In | i s m^  0 > representation, the perturbation matrix 
for the crystal field potential energy and the spin-orbit interaction 
can be block diagonalized into two identical blocks by a simple 
rearrangement of the bases. The block using | 3“> , | l”> , | -i“> f | _3 ~> , 
I 2+> , | 0+> and | - 7 ?  > as bases is shown below.
-3" -1 + 1+ 3+ -2" 0‘  2"
-3 Mn  Mi2  m13 mi 4 m15 0 0
_1 M21 M22 M2 3 M24 0 M26 0
1 ^  M32 M33 M34 0 0 M37
i
3 ^4l i^|2 ^44 0 0 0
-2- %  0 0 0 M55 M56 M57
°' 0 M62 0 0 m65 M66 M67
- (3‘.23)
2 ! 0 0 M73 0 «75 m76 m77
Fig. 3-9
The perturbation matrix for the distorted '
octahedral model, the matrix is symmetric,
that is M. . * M .. .
i J  J i
-  32 -

34
is the spin-cr bit coupling constant,
An identical matrix. is obtained using the cases
/1+>,/3+>,/2->,10->/2->.Therecre all eigenvalues are
at least two-fold degenerate.
In C2v model, there is no center of symnetry, therefore electric
dipole transitions are allowed, although the tensities may be weak.
However, since electric dipole transitions are normally of order
times as intense as magnetic di-pole transitions, even
a small breakdown in the parity selection rule allows the electric
dipole transitions to dominate.[ 7]
The vibronic interaction is still remained, but the normal modes
are all non-degenerate:
where
's are irreducible representations of C point group. The
character table of C2v point group is shown in ADUendix 6. Each of
the three-fold degenerate vibrational modes (v 3, v4 or v6j is split
into three vibrational modes. From the correlation table given by
Wilson, Decuis and Cross. [21] we have
35
However, the deviation from octahedral field is quite small
(~1/10)it is expected that the splittings of vibrational modes




4.1 General Description Of The Spectra
The absorption spectra of UC15 crystal in the visible and
near infrared region at various temperatures are shown in Fig, 4.1.
The absorption peaks arising from the background and the reference
have been deleted. The spectra at different temperatures are plotted
on the same graph sheet in order to show the variation of relative
absorption intensities against temperature changes. The fig-are shows
only the relative intensities within each spectrum and is not to be
used to compare intensities between spectra.
For comparison, the absorptioL't spectrum of UC15•SOC12 in CCl4
at room temperature C 5 I is shown in Fig. 4.2. The excellent agreement,
between Fig. 4.1 and Fig. 4.2 confirms that the crystal used is actually
UC15. The observed absorption lines for UC15 crystal at liquid air
temperature, for U C1 5• SOC1 2 in CC1 4 at room temperature,[5] and for
UC1 5 in CC1 4 at room temperature L 6] are listed in Table 4.1.
An investigation of these spectra shows that there is a
characteristic bard which appears at about 6600cm-1 It is a ciuster
of sharp, narrow spikes. Actually this bands appears somewhere in the
[46000- 7000 region in all known U(V) compounds, There are
mainly four groups of absorption bands in the spectrum, centered at
8450 A, 1 0600 A, 15000 A and 22700 A. The octahedral crystal field
identifications are 1 6 7 1 I7 887 7 7
In terms of wavenumbers, they are 11800cm-1 6600cm-1940cm-1 and
37
4400 cm-1 respectively
It remains to explain the presence of the additional bands,
especially the spectrum at liquid air temperature, in which further
small splittings within each group of peaks were observed. It has been
shown by the work of Batten and others [22,23,24]
on UCl6 2- complexes,
the absorption spectrum.may be understood on the basis of vibrational
electronic (vibronic) interaction. This point of view will be used in
our analysis. Moreover, the solittings of electronic lines due to the
distortion of octahedral field will also be considered.
38
Fig. 4.1
Absorption spectra of UCl 5 crystal
liq. air temp.
room temp








11800 9710 8930 6644 4350
Fig. 4.2
Absorption spectrum of UCl5.SOCl2 in CCl4
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T able4 . 1
V isible and N ear - I nfraredB ands ( in for UC 1 5 crystal,
UC1 5 in CC1 4 andUC1 C • SOC1 2 in CC1 4
UC1 5 in UCl 5 • SOC1 2UC 1 , crystal
C all in CC1 4( 1 iq . air temp. )
( roomtemp. ) ( roomtemp. )
4 2 1 3
4 3 0 1 4 3 5 0
4 3 9 3 4 4 0 5
4 6 3 1
4 7 1 6
6 2 8 9
6 5 4 7 6 5 5 0 6 5 8 0
6 6 4 5 6 6 0 0 6 5 8 0
6 6 5 0 6 6 4 0
6 7 4 9 6 7 0 0 6 7 3 0
6 7 5 0
6 8 5 3 6 8 8 0
6 9 9 8
8 9 3 2 8 9 4 0 8 9 3 0
9 1 3 7
9 5 9 4
9 6 8 2 9 6 6 0 9 7 1 0
9 8 8 3
1 0 0 0 7
1 1 7 0 1
1 1 7 9 1 1 1 8 0 0
1 1 8 8 2 1 1 9 3 0
1 2 1 2 7
1 2 1 9 3 1 2 2 2 0
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4.2 Identification Of Absorption Lines
As mentioned in Section 3.4, when a vibrational mode of frequency v
is coupled to an electronic transition of frequency the intensity
ratio of the and sidebands is expected to be exp
On this base, the temperature variation of relative intensities in
Fig. 4.1 indicates that the peaks at 11791 66459682
and 4306 can be assigned as the (0- 0) Dure electronic transitions.
Thus, within each group, at least one electronic transition can be
assigned.
Among the three odd vibrational modes, v3 and v4 are infrared
active while v is inactive. Far infrared sectra of UCI5•TCAC[6]
[25][6(n- C,3H7 )4 NUC16 and (C2H5)4 NUClz assign v3 value to 320cm-1
and 310315 respectively. The far infrared spectrum of
25(C2H5)k NUCle 122also yield Vibronic spectra of
[6] [25RbUC1, and cC2H5)4 NUC16 show that the values of v6 are
92 and 96 respectively. The total symmetric vibrational mode,
V1, is Raman active. Unfortunately, Raman spectral data is not
available for any solid U(V) species,[ 4] and our attempt to take
Raman spectrum of UC15 in CC14 is not successful due to its rapid
decomposition into unidentified compound. However, from vibronic
[26]spectra analyses, v1 is assigned to the value for506
so a smaller value is expected for UC1.
The four groups at liquid air temperature are drawn in Fig. 4.3
to Fig. 4.6 separately., in energy scale. Attention should be paid to
Fig. 4.5. The two absorption teaks at 6450 and 6289 were








































The energy differences between the sidebands'and the assigned
electronic transitions 6645 4306(11791 cm -1 9682











817 87, -93 410325
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Table 4.2
Energy differences between sidebands and
central electronic line within each group,
figures are in
and 6932 in tha-Note that the two sidebands at 9137
and 750cm-1are 545cm-1group apart from the (0-- 0) pure87
electronic line. These two values are much grf:ater than v1 the highest
vibrational frequency. Also, the intensities of them are even higher
than the pure electronic transition. So it is reasonable to assign the
as an electronic line and the weaker onestronger one 8932
+2Ocm-1 vibronic line, That is. theas (8932cm-1(9137cm-1) 8
and 8932cm-1 by thelevel is split into two levels at. gbbZ
distortion of the octahedral field. If level is split by the8
distortion, then L8 will be split also, but similar argument cannot be
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applied to the peak at 4631 since it is only 325 apart form
the central peak.
From Table 4.2, it is clear that the energy differences fall into
20CM-1,four groups, centered at 93 and 406340
respectively.
As mentioned before. v, is exvected to remain nractin11y
unchanged from species to species of complexes, as it involves only
angle deformation. Therefore, v6 can be assigned as 93cm-1
The U- Cl bond strength is not expected to change too much in
various complexes, by their similarities in absorption line
positions. Equation (3.18) suggests the assignments of v1. to 200
and v to 340cm-1
The variation in energy within each group may be due to the
splitting of the odd vibrational modes when the octahedral nuclear
configuration is distorted. Exact assignment is impossible, because it
is beyond our experimental limitations.
Note that the value of v11 so assigned is increased when compare
with the value of 122cm-1 in (C.,H[) ,,NUC14. So it is not suprising to
from that of (C2H5)4 NUC6 lz. Thehave v,-, value also increased by 30cm-1
increases of v,, and v4 values indicate the increase of U- Cl bone
strength in UC1.. The last grout can be explained as a
vibronic peak due to the combination of two vibrational modes of the form
or The vibrational selection rules indicate that for15U4u
combinational vibrcnic features to appear, y must be even, and y is
ortherefore one of But which two vibration freauencies5g1g 3
are responsible for 406 cm` are not clear, due to the lack of information
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for the even vibrations.
As the peak at 4631cm -1 is only325cm -1 from the electronic
peak, it is reasonable to assign it as a vibronic peak
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4.3 Theoretical Calculations
Using the C2v model mentioned in Section 3.5 and the values of
distortion parameters defined in Fig. 3.6 to Fig. 3.8, the values of





A check is performed on (3.22) by setting all distortion parameters to
zero, the fesult is:
eV
(4.2)
This equation is the same as equation (3.8), which is for perfect
octahedral field, except the signs before and are changed.
This is due to the rotation of x and y axes about z by 45° (Fig. 3.3
and Fig. 3.6).
The values of important coefficients of both perfect
crystal field and crystal field are listed in Table 4.3.
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Table 4.3




E20 R22 E40 R42 R44 E60 R62 R64 R66
-501 0.4375 0 0 00.046875 21
-0.521 -4.253-0.of7 -0.337 -0.6130.118 0.394 0.060 11 .656
Firstly, the calculation of energy values is based on the perfect
octahedral field. The values of E20 etc. are substituted into the
matrix elements in equation (3.23),.making it a three-parameter matrix
because E20 0 The ranges of the parameters can be found using
(4.3)
and the following table:
Table 4.4
Parameters for ions
[27] [ [5] [9Cs2PaC1E UCl5SOC12 NpF6[U(OcH) Ki
888 23001562 5738
41.9 60.6 226.9 540•5
1490 1900 1909 2405
6.33.6 23.29.3
-0.04 -0.06 -0.24 -0.56
[5The values for and given by Ka.raker are wrong, because
he has missed two numerical factors. The values given here are corrected.
Calculated from equation (4.3).
49
So the ranges for scanning are:
X4: 2.0 24.0 cm-1
X6: 0.0 -0.7 cm-1
: 1400 2400 cm-1
A direct scanning method is used to calculate the energy values through
the diagonalization of matrix (3.23). A computer program is written
using ICL 1900 computer,the diagonalization of the perturbation matrix is
done by a scientific subroutine FPROOT 1, which is based on Householder's
method for symmetric matrix. The advantages of this method are that the
time required is shorter (for example, compare with Jacobi's method)
and furthermore, the output eigenvalues are arranged in decreasing order.
The six differences between the higher eigenvalues and the smallest one
are the required energy values. The program is designed to write down
the values of the parameters and the calculated differences when the
comparison of differences with corresponding experimentally determined
energy values is good. Note that, there are only four energy values in
Oh case, so the average of 8932 cm-1 and 9682 cm-1 are used in fitting
However, it is found that two regions in the parametric space can give
fairly aaood fittings:
Region I: =1631 cm-1
X4=6.8 cm-1
X6=0.0 cm-1
Region II: =1900 cm-1
X4=6.25 cm-1
X6=-0.1 cm-1




Energy levels for U(V) in UC15 model
Values in
Level Assigned Calculated (Region I) Calculated (Region II





The values of parameters in the second region are close to Karaker's












The C2v crystal field is then considered. The values of
coefficients E20 etc. are put in matrix elements of (3.23). X2 is
expected to be negative, since
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where E 20 is positive( E 20= 0. 118) and aJ= [ 17] X 2 is scanned
from 0 to- 24 O. Other parameters are scanned about those values obtained
in Oh case. In C 2 v model, all eigenvalues are nondegenerate, therefore
8932 cm- 1 and 9682 cm- 1 are two distinct energy values for fitting. The
results of scanning are:
Region I': 1631 cm- 1 Region II': 1900 cm- 1
X 6=- 0. 01 cm- 1 X 6=- 0. 07 cm- 1
X 4= 6. 9 cm- 1 X 4= 5. 9 cm- 1
X 2=- 40. 0 cm- 1
X 2=- 80. 0 cm- 1
The calculated results are summarized inT able 4. 7:
Table 4. 7
Energy levels for U( V) in UCI 5( C 2 v model)
( Values in cm- 1)








The symbols for irreducible representation of Oh group are used
in Table 4. 7 to avoid confusion, since in C 2 v model. all levels are
represented by
The choice for the suitable region and discussions of the model
used are given in next section.
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4.4 Conclusion and Discussion
The values of andfor Pa(IV) and Np(VI) are 1490
2405 respectively (Table 4.4). Linear interpolation of the
forvalues, corrected for atomic number and ionic charge, predicts
[26]to be 1947 for in region IISo the value of 1900
is more reasonable. A further check on the reasonableness of the values
of and in region II' can be achieved by considering the ratio




andThe values of a. are known. So from (4.4) and (4.5)
we get = 0.55. A similar calculation for region I' gives
4.5. The reported values for the ratio are





We then conclude that the values in region II' are more reasonable.
The calculated enerav values using values ofarameters in
region II' predicts an absorption band at about 2300
53
Spectral measurement in this region is out of the scope of our experimental
instruments. There is a report[5] that no infrared absorption is
detected for solid samples of UC15•SOC12 over the range 2.6 -15 u.
However, as pointed out by Selbin and Ortego,L4] this report is suspecious,
since S=O frequency should appear in this range. So a careful measure-
ment in this region is necessary.
Several approximations have been made in our calculations:
(1) The polarization of chlorine electron cloud is neglected,
as we use a point charge model.
(2) In the expansion of the crystalline electric potential, all
odd terms are neglected by the symmetry argument that these
terms give no contribution to the (f f) intra-configuration
transitions. In fact, the effect of these terms are in the
coupling of 5f states to 6d states. These coupling can be
large if the energy of 6d configuration is very close to that
of 5f configuration.
(3) The covalent nature of the molecule is completely neglected
in the crystal field theory. Actually, this approximation is
very good in lanthanides, in which. the kf electrons are
shielded by a completed 6s subshell. In the actinides, the
5f electrons are not shielded. It is exposed to the ligard
ions. So it is reasonable to take this covalent nature
into account. However, the analysis using molecular
orbital theory is very difficult in this stage, because the
.values of the radial wavefunction of U(V) ion and the
overlap integrals are unknown.
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In spite of the approximations we have made, the point charge
crystal field model with symmetry has explained satisfactorily the
splitting of and has given a fairly good fitting in energy values.8
The discrepancy of our fitting parameters occurs in the calculation
of g values. ESR measurements have been reportedE6] for the powdered
samples of UC15 . TCAC, UC15 • SOC12, UC15 PC15, RbUCl6, and (n-C3 H7 )4 NUCL6.
All g values are approximately 1.1, with the sign undetermined. The sign
C27] 0.60is expected to be negative, since g= -1.14 for Pa(IV) and
[9 In our calculation, for the octahedral field, the valuesfor ND(VI)
-1.07 which is very satisfactory. But if thein region II implies
Z axis is
model are used to calculate
values in region II
:-0.47. Thisdefined in Fig 3.6. It is not the Cn axis), yields
1arae deviation of g value is surprising, since the distortion is so small
-1.1.that we expect to have (The values in region I' gives
= 0.50, which is not better.) The reasons responsible for it are
not known. A complete theoretical treatment may be based on molecular
orbital theory with C„ symmetry.
In our work,-several aspects are worth to mention:
(1) UC15 crystal is extremely stable in the sealed-off glass
tube. It remains uncharged for several months (checked with
spectral measurements). This provides a convenient way
to study its other properties.
(2) The dimeric configuration of UClS in CCl4 is confirmed
by a comparison of the solution spectrum to that of the
crystal spectrum,as the dimeric structure in solid is well
ed by X-ray measurement. Furthermore, it is retortedL 8l
confirmed
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that dimeric structure of UC15 vapour up to 350 C are
observed. Therefore, one should write U2C110 for uranium
pentachloride.






Further improvements in the explanation and identification of
absorption bands can be achieved by the following ways:
(1) A spectral measurement in the region 2.6- 8 N, is necessary
to check our vrediction of a band at 4.41.
(2) A liquid Helium temperature absorption spectrum is helpful
in further confirmation of vibronic bands and in more
accurate-measurement of peak positions.
levels canFurther confirmation on the identification of(3) 8
be obtained by Zeeman splitting measurement for the absorption
bands. It is because for small magnetic field, for an odd
number of electrons, the vibronic g-value should.be equal to
[28]statesthe parent electron g-value for states except
8
(4) Raman spectrum of the crystal is useful to get the values of
v1, v2. and v5, as they are all Raman active. From these values,
l 5
the combinational vibronic bands can be interpreted.
and(5) ESR experiment can check the values of
by definition.Here
Appendix 1
Character Table for the Double Group 0'
4CBethe's E R 6C23c2 3C 3c4R4C 3R
nomenclature
11 1 1 11 11 1
-1 -1-11 1 11 12
-1 002 2 04 23
-10 0 4 1I3 34
-1-10 1-13 35
-1-2 _2 02 0 21
-1 _2_2 0202 1
7





















D efinitionsf the C oefficientsn E quation( 3 . 2 2 )
R 6 6 = E 6 6 / E 6 0
R6 4 = E6 4 / E6 0
R 6 2 = E 6 2 / E 6 0
E 6 6 = T 1 + 5 E 6 0 + E 6 4 - E 6 2
E 6 2 = 4 4 9 ( T 2 - 2 0 E 6 4 ) 1 5 4 9 ( T 1 + 5 E 6 0 + E 6 4 )
( A 2 4 x + A 2 4 y - A 2 4 xy+ A 0 6 yz)
R 4 2 = E 4 2 / E 4 0
R 4 4 = E 4 4 / E 4 0
E 2 0 = 1 2 ( A 2 0 + A 0 2 z )
R 2 2 = E 2 2 / E 2 0
E 2 2 = E 2 0 = A 2 0 = A 0 2 X
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Appendix 5
Matrix elements of the operators at = 3











-3600 2700 -1080 180












360 -48 30 24 15






















Character Table for the Double Group C2v
E R
c2
1 1 1 1 1
1
-1 -11 1 1
2
-1 -111 13
-l -11 1 1
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